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Considerable evidence indicates that the cortical collecting tubule is a
target epithelium for aldosterone. Isolated perfused cortical collecting
tubules from rabbits given large doses of deoxycorticosterone acetate
(DOCA) for several days, or whose endogenous production of aldos-
terone is increased by dietary means, exhibit large lumen-negative
transepithelial voltages, increased sodium (Na) absorption, and in-
creased potassium (K) secretion compared with tubules from normal
animals. However, controversy exists regarding the response of this
nephron segment to acute in vitro administration of aldosterone. To
address this issue we performed three groups of experiments: 1)
clearance experiments on adrenalectomized rabbits to determine the
minimum time required after in vivo aldosterone administration before
significant changes in sodium excretion are observed; 2) microperfusion
experiments on cortical collecting tubules from normal and adrenalec-
tomized rabbits in which transepithelial voltage was measured before
and after adding aldosterone to the bath; 3) microperfusion experiments
on cortical collecting tubules from adrenalectomized rabbits in which
transepithelial voltage, sodium and potassium flux were measured
before and after in vitro exposure to aldosterone or dexamethasone.
The clearance studies demonstrate that after a 2 hr latent period
aldosterone produces significant antinatriuresis without change in K
excretion. In vitro studies failed to reveal a steroid-induced change in
the transepithelial voltage of cortical collecting tubules from either
normal or adrenalectomized rabbits. However, aldosterone added in
vitro to collecting tubules from adrenalectomized rabbits produced an
increase in net Na absorption without a significant change in voltage or
K secretion. This effect is mineralocorticoid, since dexamethasone did
not alter sodium transport in isolated perfused cortical collecting
tubules. We conclude that the primary early effect of aldosterone on
cortical collecting tubules of adrenalectomized animals is to increase
net Na absorption.
Effets de l'aldostérone in vitro sur le tubule collecteur cortical de lapin.
Beaucoup de preuves indiquent que le tubule collecteur cortical est un
épithélium cible pour l'aldostérone. Des tubules collecteurs corticaux
isolés et perfusés de lapins, ayant recu de fortes doses d'acétate de
desoxycorticostérone (DOCA) pendant plusieurs jours, ou dont Ia
production endogene d'aldostérone est augmentée par des moyens
diétetiques, présentent de forts voltages transépithéliaux lumière-
négatifs, une absorption accrue de sodium (Na), et une sécrétion
augmentée de potassium (K) par rapport aux tubules d'animaux
normaux. Cependant, il existe une controverse quant a Ia réponse de ce
segment néphronique a l'administration aiguë in vitro d'aldostérone.
Pour preciser cette question, nous avons effectué trois groupes d'ex-
périences: 1) des experiences de clearance sur des lapins surrénal-
ectomisés pour determiner le temps minimum après administration in
vivo d'aldostCrone avant qu'on observe des changements significatifs
de l'excrétion sodée; 2) des experiences de microperfusion sur des
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tubules collecteurs corticaux de lapins normaux ou surrénalectomisés
au cours desquelles le voltage transépithélial a etC mesurC avant et
aprés adjonction d'aldostérone au bain; 3) des experiences de
microperfusion sur des tubules collecteurs corticaux de lapins sur-
rCnalectomisés dans lesquelles le voltage transepithelial et les flux de
sodium et de potassium ont ete mesurés avant et après exposition in
vitro a de l'aldostérone ou de La dexaméthasone.
Les etudes de clearance démontrent qu'aprCs une période de latence
de 2 hr, l'aldostérone produit une antinatriurCse significative sans
changement de l'excrétion de K. Les etudes in vitro n'ont pas permis de
révéler un changement induit par les stCroides du voltage transépithélial
des tubules collecteurs corticaux des lapins normaux ou surrénal-
ectomisés. Cependant l'aldostdrone ajoutée in vitro aux tubules collec-
teurs des lapins surrénalectomisCs a entrainé une élévation de l'absorp-
tion nette de Na sans changement significatif du voltage ni de Ia
sécrétion de K. Cet effet est minéralocorticoIde puisque Ia
dexaméthasone n'a pas altéré le transport de sodium dans des tubules
collecteurs corticaux isolés et perfusés. Nous concluons que l'effet
précoce primaire de l'aldostCrone sur les tubules collecteurs corticaux
d'animaux surrCnalectomisés est d'accroItre l'absorption nette de Na.
Aldosterone, as characterized by Simpson et al in 1953 [1], is
a potent, naturally occurring mineralocorticoid. It has been
shown to produce antinaturesis, kaliuresis, increased ammo-
nium and titratable acid excretion, and increased free water
clearance in various mammalian species [2—5]. In addition, it
has been acknowledged for some time that aldosterone stimu-
lates short circuit current (an index of electrogenic sodium
transport) when added in vitro to the toad urinary bladder [6],
and augments sodium transport when added in vitro to other
mineralocorticoid responsive epithelia, for example, the turtle
bladder [7, 8] and the mammalian colon [9—111. More recently,
studies focusing on the in vitro perfused rabbit cortical collect-
ing tubule (CCT) have demonstrated conclusively that this
nephron segment is a mineralocorticoid target epithelium
[12—15]. All of these in vitro microperfusion studies of CCT
demonstrate that chronic elevation (days) of circulating levels
of mineralocorticoid in the rabbit, either by the administration
of deoxycorticosterone acetate (DOCA) or by manipulation of
dietary salt intake to augment endogenous aldosterone secre-
tion, results in stimulation of lumen-negative voltage, net so-
dium (Na) absorption, and net potassium (K) secretion.
In contrast to the well-accepted fact that the CCT responds to
chronic mineralocorticoid stimulation, it has not been demon-
strated that this nephron segment increases net sodium absorp-
tion when exposed to aldosterone in vitro. Although earlier
studies suggest that exposure of in vitro perfused CCT to
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aldosterone resulted in a gradual increase in lumen-negative
voltage [161, more recent studies find no effect of this hormone
on either voltage or sodium absorption in rabbit CCT perfused
in vitro [14]. The failure to see a response of CCT to aldosterone
in the latter studies might be a result of several factors: 1) the
latent period for a response of the CCT to aldosterone may be
sufficiently long to require 3 or more hr to elapse after exposure
of tubules to the hormone before measurable changes in sodium
flux occur; 2) since the CCT, which is partly responsible for the
fine regulation of sodium balance, has a relatively low capacity
(except after chronic exposure to mineralocorticoid) for sodium
absorption, changes in net sodium transport may be sufficiently
small to make measurement difficult; or 3) the CCT may
respond acutely in vivo to aldosterone but somehow the capac-
ity to respond in vitro is absent.
The present studies re-examine the question of whether the in
vitro perfused CCT responds acutely to aldosterone. To evalu-
ate this issue, we designed a combination of in vivo and in vitro
studies to address specifically the above-mentioned possible
explanations for failure to find an acute response of CCT to the
hormone aldosterone. The results of these studies support the
concept that the CCT is a target epithelium for aldosterone and
that this nephron segment can respond acutely to aldosterone
by increasing net sodium absorption in the absence of measur-
able changes in transepithelial voltage or potassium secretion.
Methods
Female New Zealand white rabbits weighing 1 to 11/2 kg were
adrenalectomized 7 days prior to experimentation. All animals
had free access to food and water up until time of sacrifice.
After adrenalectomy, the drinking water was changed to 0.15 M
sodium chloride and the animals received replacement
dexamethasone intramuscularly at 50 gIday. Clearance studies
were performed in five animals that were similar to those used
for the microperfusion experiments, with the exception that
they received one dose of dexamethasone, 100 ,ag, 48 hr prior to
the experiment. The animals were anesthetized with ketamine
anesthesia (25 mglkg) and a tracheostomy, suprapubic bladder
catheter, and venous and arterial lines were placed. Blood
pressure was monitored constantly and any animal whose mean
arterial blood pressure was less than 75 mm Hg or changed by
more than 10 mm Hg during the course of the experiment was
excluded from analysis. One hundred pCi of inulin (methoxy-
3H), exhaustively dialyzed according to Schafer, Troutman,
and Andreoli [171 was placed in the infusion solution of 1,000 cc
0.075 M sodium chloride. A 5% body wt infusion was given over
the first hr and a maintenance infusion of 0.32 cc/mm was given
by constant infusion from a Sage pump (Orion Corp., Cam-
bridge, Massachusetts, USA). Urine was collected in 15-mm
intervals. To avoid excessive hemorrhage, blood samples were
taken hourly, with linear interpolation for other plasma values.
This method appears valid since plasma values varied by less
than 10%. Random sampling at non-hourly intervals revealed
values not significantly different from the estimated values.
After 60 mm of constant urine flow, either 10 gig/kg or 100 jig/kg
of d-aldosterone (Cal BioChemicals, chromatographic grade)
was given intravenously and collections continued.
The in vitro microperfusion experiments were conducted on
segments of cortical collecting tubules dissected and perfused in
vitro as described originally by Burg et al [18]. Briefly, the
rabbits were decapitated, a kidney removed and a 1 mm sagittal
slice placed in a chilled petri dish containing an artificial
ultrafiltrate of plasma. This solution contained the following (in
mM): NaC1 105, KC1 5, NaHCO3 25, Na2HPO4 2.3, Na acetate
10, MgSO4 1, CaC12 1.8, glucose 8.3, alanine 5. The perfusate,
bath, and dissection solution were identical, except that the
latter two contained fetal calf serum 5% vollvol. To the perfus-
ate approximately 50 pCi inulin (methoxy-3H), dialyzed ex-
haustively as described by Schafer, Troutman and Andreoli
[17], was added as a volume marker. All solutions were gassed
with 95% 02 and 5% CO2 to a pH of 7.4.
Dissection started at the corticomedullary junction and pro-
ceeded superficially until a branch point was reached. Only
tubules dissected within 60 mm of sacrificing the animal were
perfused. Tubules were transferred to a thermostatically con-
trolled chamber, attached to holding pipets, and perfused at
37.0 0.5°C. In all but two experiments, perfusion was
antegrade, that is, from cortical to medullary direction. In all
studies we attempted to maintain perfusion rate between 0.75
and 1.5 nl min' mm tubule length'. Each tubule was
allowed to equilibrate at least 60 mm prior to any measure-
ments. Bath fluid was exchanged continuously at a rate of 0.64
ml/min, and transepithelial voltage (VT) was monitored continu-
ously and recorded as described previously [19].
Two groups of in vitro studies were performed: an initial
group in which only transepithelial voltages were measured,
and a subsequent group in which voltages and ion fluxes were
measured simultaneously.
Voltage measurements were made in three groups of tubules.
First, VT was measured in CCT harvested from normal rabbits.
Tubules were perfused at least 1 hr at 37°C and until VT
remained stable for at least 20 mm. The value of VT at the end
of this 20-mm period was taken as control VT. Then d-
aldosterone 10-6 — l0 M was added to the bath. VT was
monitored then for up to 5 hr after addition of aldosterone.
Then, a second identical group of voltage experiments were
performed; however, the second group of experiments were
performed on CCT harvested from adrenalectomized rabbits. In
the final group of voltage experiments, VT was measured in
CCT harvested from adrenalectomized rabbits that had been
given d-aldosterone intravenously 3 hr prior to sacrifice. These
rabbits were given 100 big/kg aldosterone, a dose that our
clearance studies documented would produce significant
antinatriuresis within 3 hr. Aldosterone, 10—6 M, was present in
the dissection media and bath during dissection and perfusion of
these tubules.
In the second set of studies, VT and Na and K fluxes were
measured in CCT harvested from adrenalectomized rabbits.
Tubules were studied before and from 2 to 5 hr after in vitro
exposure to aldosterone at bath concentrations from l0 to 5 x
106 M. In these experiments, tubules were equilibrated at 37°C
for 1 hr. Perfusate that had coursed through the tubule was
collected under water-equilibrated mineral oil and timed sam-
ples were taken with constriction pipets of known volume.
Samples taken with a constriction pipet were used for measure-
ment of 3H-inulin, while alternate samples taken with a second
pipet were used for determination of Na and K. In this manner,
we could time accurately all collections and avoid changes in
perfusion rate that accompany accumulation of fluid in the
collection pipet. (At the slow perfusion rates maintained in
180 mmn
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these studies, we have found that continuous collection of
perfusate, with the tip of the collection pipet positioned very
close to the end of the tubule, allows us to keep the perfusion
rate constant. We attempted to avoid the progressive slowing of
perfusion rate that occurs as a result of the increased back
pressure of collected fluid.) At least four and up to six collec-
tions were made with each pipet. A reading of VT was made at
the midpoint of each collection for Na and K and the control VT
for each tubule was taken as the mean of these readings. At the
end of the control collections, d-aldosterone was added to the
bath in the appropriate amounts and 120 mm allowed to elapse
before repeat collections (4 to 6) were made for 3H-inulin and
Na and K. VT readings were made again at the midpoint of the
collections for Na and K, and the reported post-aldosterone VT
for each tubule is the mean of these readings.
Constriction pipet volumes, perfusate 3H inulin counts/ni,
and perfusate Na and K were obtained by sampling perfusate
that had been perfused directly into a collection pipet without a
tubule in place. 3H inulin in perfused and collected fluid was
counted in a liquid scintillation counter (Tracor model 6892,
Tracor Analytic, Atlanta, Georgia, USA). Net volume reab-
sorption (J) was calculated as:V - V0
L
where V1 is perfusion rate, V0 is collection rate, and L is tubule
length. V0 is measured directly and V, calculated from the
expression V1 = V0 cpm0/cpm1 where cpmJcpm1 is the ratio of
collected to perfused counts per mm of 3H inulin. Since CCT
under the conditions of the present study should have a J,, of
zero, no experiment was accepted if J > 0.05 ni mm' min.
Sodium and potassium concentrations in perfusate and col-
lected fluid were measured using a helium glow photometer
(Aminco, Silver Springs, Maryland, USA). The number of
transfer steps for samples was reduced to a minimum by
injecting sample fluid (— 15 nI) directly into a glass capillary
containing a pre-measured volume of diluent. The Na and K of
each sample was measured five times and averaged. Since the
value of Na or K flux during control or experimental periods is
reported as the mean of four to six collections, it is apparent
that a single control or post-aldosterone flux value is the result
of at least 20 measurements of the concentration of the ion in
question. Net Na and K fluxes were calculated as J, = ([x] —
[x]0) V0/L where x refers to either ion and [xl, and [XL refer to
the respective concentration of x in perfused and collected
fluid. Negative flux values refer to secretion.
Statistical analysis employed Student's t test for paired or
unpaired data as appropriate, and analysis of variance. The null
hypothesis was rejected at the 0.05 level of significance.
Results
Clearance experiments
The results of a representative clearance experiment are
shown in Figure 1. Approximately 75 mm after the injection of
10 tg/kg aldosterone, there is a significant decrease in absolute
Na excretion while glomerular filtration rate remains constant.
There is an associated fall also in the UNa/UK ratio. While in this
rabbit the fall in Na excretion was evident at 75 mm, for the
animals as a group, the fall in UNaV was not significantly
rAldosterone iv. injection, 10 ig/kg
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Fig. 1. Results of a single clearance experiment. Urine sodium excre-
tion (UNaV), urinary Na:K concentration ratio (UNa/UK), and glomeru-
lar filtration rate (GFR) are graphed over time before and after intra-
venous aldosterone (arrow).
different from control until the 120- to 180-mm post-aldosterone
injection period. Figure 2 summarizes the data from five ani-
mals. For this group of rabbits, the control and third hr
post-aldosterone means SEM for glomerular filtration rate
(GFR) were 7.28 1.03 vs. 7.68 1.01 ml min, for UNaV
were 27.1 2.04 vs. 13.9 5.18 Eq/min; and for UKV were
3.73 0.96 vs. 3.96 0.93 Eq/min. Only the UNaV means
were significantly different. Based on the clearance studies, we
decided to allow at least 120 mm of in vitro incubation of CCT
with aldosterone before looking for a hormonal effect with the
isolated tubule technique.
Isolated tubule studies—voltage experiments
The results of VT measurements on CCT from both normal
rabbits and adrenalectomized rabbits are shown in Table 1. In
CCT from normal rabbits, control VT of —20.8 6.4 (sEM) mV
was not significantly changed by 3 hr of in vitro incubation with
i0 M aldosterone (VT —24.0 3.6 mV after aldosterone). It
should be noted that the data reported here are the results of
voltage experiments performed with the highest concentrations
of aldosterone. We tested iO and 10—6 M aldosterone in bath
and similarly found no effect on VT.
In tubules from adrenalectomized rabbits, control VT was
significantly lower than in CCT from normals, being —6.2 5.0
mV (P < 0.025). This low lumen-negative voltage is consistent
with previous observations of VT in CCT from animals with
suppression of endogenous mineralocorticoid levels [12—14].
(Indeed, we determined the completeness of adrenalectomy by
measuring aldosterone and/or corticosterone levels in the
plasma of all the adrenalectomized rabbits used in the present
study. None had measurable concentrations of these hormones
in the blood immediately prior to sacrifice.) When aldosterone
was added to the bath at i05 M, there was no significant change
UNV
Eq/min
UN/UK
GFR
cc/mm
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Table 1. Effect of aldosterone administered 3 hr prior to measurement of transepithelial voltage (VT) in rabbit cortical collecting tubules (CCT)
Treatment Type of rabbit N Control (VT) Aldosterone (VT) P
mV
Aldo l0 M in vitro Normal 5 —20.8 6.4a —24.0 3.6 NSb
Aldo l0 M in vitro Adrenalectomized 5 —6.2 5.0 —10.2 4.9 NSb
Aldo 100 g/kg in vivo Adrenalectomized 5 + 1.0 0.8 NSC
a Mean SEM.
b NS by paired t test control vs. in vitro aldosterone.
NS by unpaired t test compared to adrenalectomized control.
control VT measurements in CCT from adrenalectomized ani-
mals not given aldosterone (—6.2 5.0 mY). These findings
suggest that if the CCT was responding acutely (within 2 to 3 hr)
in vivo or in vitro to aldosterone, this response is not associated
with measurable changes in VT. To test this possibility we
performed the last group of studies.
Effects of in vitro aldosterone on VT and Na and K fluxes
Flux measurements were performed in four groups of CCT
from adrenalectomized rabbits. Net Na and K transport (JNa
and JK) as well as VT were measured before and after the
addition of aldosterone 10 M, 10—6 M, and 5 x 10-6 M, and
dexamethasone 10—6 M to the bath. The data are summarized in
Table 2. At no concentration of aldosterone tested was there a
significant change in VT after at least 120 mm exposure to the
hormone. This observation is consistent with the previous
studies on VT alone. However, simultaneous sodium flux mea-
surements showed a consistent increase in JNa at all doses
tested.
To determine whether aldosterone effects were due to mm-
eralocorticoid or glucocorticoid effects we performed studies
with 106 M dexamethasone (Table 2). This potent glucocorti-
coid did not affect -TNa in CCT from adrenalectomized animals.
In addition, dexamethasone had no significant effect on VT.
However, as with the studies using aldosterone, tubules with
significant lumen-negative voltages in control periods displayed
a tendency for voltage to become more negative with time.
With respect to K fluxes, there was no significant difference
between control net K secretion and K secretion after any of
the three concentrations of aldosterone tested, However, 10—6
M dexamethasone increased net K secretion from 2.4 0.7
pmoles mm min' (control) to 5.5 1.2 pmoles mm'
min (P < 0.01).
Discussion
Several conclusions may be drawn from the present studies:
1) there is a latent period in the rabbit of approximately 120 mm
before systemically administered aldosterone produces a
change in whole kidney sodium reabsorption independent of
changes in GFR; 2) aldosterone acts directly on the in vitro
perfused CCT of the adrenalectomized rabbit to increase net
sodium absorption without a measurable change in VT; 3) in
vitro aldosterone does not affect acutely net potassium trans-
port in CCT of adrenalectomized rabbits; 4) dexamethasone has
no effect on CCT sodium transport, but does, at high concen-
trations, increase net potassium secretion, again without a
Aldosterone iv. injection, 100 pg/kg
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Fig. 2. Results of clearance data on five adrenalectomized rabbits.
Urine sodium excretion (UNaV) falls significantly in the 120 to 180 mm
post-aldosterone injection period. Urine Na:K (UNC/UK) concentration
ratio falls simultaneously. Glomerular filtration rate (GFR) remains
constant. Note that two rabbits received 10 pg/kg aldosterone and three
rabbits received the higher dose of 100 rg/kg. Sodium excretion fell in
all five rabbits while potassium excretion changed in none.
in VT of tubules from adrenalectomized rabbits (post-aldoster-
one VT —10.2 4.9 mV).
Since the clearance studies demonstrated a significant change
in sodium excretion 3 hr after administration of aldosterone in
vivo to adrenalectomized rabbits, we determined whether a
significant lumen-negative voltage develops in CCT by this
time. Thus, we harvested CCT from adrenalectomized rabbits
given 100 pg/kg aldosterone i.v. 180 mm prior to sacrifice. To
insure that CCT were exposed continuously to aldosterone,
itr5 M aldosterone was present in dissection media and bath
fluid. The VT measurements in these tubules represent the mean
of the measurements at 60 mm after sacrifice. The mean voltage
of + 1 0.8 mV (Table 1) is not significantly different from the
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Table 2. Effects of in vitro aldosterone and dexamethasone on VT and cation fluxes in CCT
Tubule Perfusion rate VT JNa JK
length nlmin' mV pmolesmm'mi,r'
mm C E C E C E C E
Aldosterone l0- M
1.65 2.38 2.17 —4 —7 14.7 26.5 —2.7 —4.1
2.80 1.42 2.10 —2 —8 5.6 8.4 —3.3 —9.0
2.14 1.30 1.76 —12 —7 10.1 16.8 —5.2 —3.9
2.10 1.41 1.72 +6 +3 7.8 4.8 —1.0 —2.0
1.84 1.46 1.66 —2 +6 1.1 9.4 —3.5 —1.3
1.40 2.24 1.93 +5 +3 18.3 41.6 —2.61 —0.01
1.80 3.31 2.15 +4 +3 11.7 51.9 —4.94 —2.86
1.72 3.74 3.14 +12 +6 11.9 22.2 —1.17 —0.05
1.93 2.16 2.08 0.90 —0.13 10.2 22.7a —3.1 —2.9
Mean SEM ±0.15 ±0.33 ±0.17 ±2.6 ±2.2 ±1.9 ±5.9 ±0.5 ±1.0
Aldosterone 10 M
2.80 2.53 2.47 —4 —8 21.4 47.0 —6.4 —5.3
1.80 1.43 1.86 +1 +1 17.5 38.6 —2.8 —4.6
2.36 0.85 1.00 +3 —3 4.0 7.0 —1.6 —2.5
2.22 1.00 1.20 +11 +26 4.2 8.0 —4.3 —3.5
3.02 1.53 2.38 —23 —50 12.2 20.3 —9.3 —16.2
2.20 1.16 1.13 —12 —16 9.5 16.2 —5.3 —5.4
1.97 0.97 1.03 +2 —3 3.1 3.4 —5.3 —6.4
2.34 1.35 1.58 —3.1 —7.6 10.3 20.1 —5.0 —6.3
Mean ± SEM 0.2 0.2 0.2 4.2 8.6 2.7 6.3 1.0 1.7
Aldosterone 5 >< 10-6 M
2.62 0.94 1.08 —30 —55 27.7 44.2 —10.2 —16.0
1.80 1.25 1.29 —12 —32 13.2 18.1 —4.9 —7.3
2.10 1.82 1.84 —1 —4 3.9 10.8 — —
1.90 1.63 2.71 —2 —6 1.4 38.9 —4.1 —13.5
1.92 1.60 2.10 —9 —9 6.8 39.2 —11.3 —10.6
1.25 1.44 1.34 — — 22.7 54.1 —17.0 —21.0
1.93 1.45 1.73 —10.8 —21.2 10.9 34.2a —9.4 —13.7
Mean ± SEM 0.2 0.1 0.2 5.2 9.8 5.1 6.7 2.3 2.3
Dexamethasone 10—6 M
2.30 2.42 2.69 —18 —42 14.0 15.6 —5.2 —9.5
2.22 0.84 2.04 +4 —3 7.7 9.1 —1.4 —4.7
0.90 1.83 2.00 +3 —1 16.9 16.8 —2.6 —6.5
1.30 2.52 2.51 —4 —2 15.4 14.6 —1.2 —1.8
0.90 1.83 2.00 —4 —3 18.02 18.30 —1.6 —5.4
1.52 1.89 2.25 —3.8 —10.2 14.4 14.9 —2.4 _5•58b
Mean ± SEM ±0.31 ±0.30 ±0.15 ±3.9 ±8.0 ±1.8 ±1.6 ±0.7 ±1.25
Abbreviations: VT, transepithelial voltage; CCT, cortical collecting tubules; JNa, net sodium transport; JK, net potassium transport; C, control
measurements; E, measurements after exposure.
a P < 0.05 E vs. C.
b P < 0.01 E vs. C.
change in VT. These studies are the first demonstration of an in mm, no further knowledge regarding the nature of this latent
vitro effect of aldosterone on Na transport in portions of the period is available from these studies.
mammalian nephron. The acute in vitro effect of aldosterone on sodium transport
A latent period has been described for virtually all systems without a change in VT in these CCT at first may seem to
that respond to aldosterone [2, 6—11]. Although the onset of contradict the accepted mechanism of mineralocorticoid action
aldosterone's action has been reported as early as 5 to 15 mm in the CCT to increase electrogenic sodium transport with an
after intra-arterial injection [3], in most systems the time increase in lumen-negative voltage and potassium secretion.
interval is between 1 and 2 hr, for example, the rat colon [9, 10], However, it must be stressed that the present studies were
rabbit urinary bladder [20, 21], or the toad bladder maintained performed in cortical collecting tubules harvested from adre-
at 32°C [22]. While the present data suggest that one might nalectomized rabbits. It is well known that aldosterone has
expect to see a change in the sodium transport in vitro by 120 multiple effects on transporting epithelia. First, aldosterone
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may increase sodium permeability of the apical cell membrane
[20, 23—25]. Second, aldosterone may increase sodium transport
by inducing key enzymes involved in the generation of ATP
[26—28]. Third, aldosterone may increase the activity or number
of basolateral cell membrane sodium pumps (Na-K-ATPase)
[29—3 1]. It is clear from electrophysiologic studies [13, 32, 331 of
CCT that chronic exposure to high doses of mineralocorticoid
(DOCA) results in increased apical cell membrane sodium and
potassium conductances and markedly increased shunt path-
way resistance with a major decrease in shunt chloride conduc-
tance. These chronic effects of mineralocorticoid stimulation,
coupled with amplification of basolateral cell membrane surface
area and Na-K-ATPase activity [29—31, 34], maximize transcel-
lular sodium absorption and potassium secretion. This results in
net chloride absorption that is reduced proportionately with
respect to the increased sodium absorption and that, after three
weeks of DOCA, actually is reduced by greater than 50%. In
other words, long-term DOCA treatment shifts the function of
the CCT from mostly net sodium chloride absorption and little
K secretion to mostly Na-K exchange.
There are three possible explanations for the observed
aldosterone-induced increase in Na reabsorption unac-
companied by a significant change in VT: I) electroneutral Na
reabsorption; 2) simultaneous electrogenic Na reabsorption and
electrogenic proton secretion of equal magnitudes; 3) electro-
genie Na reabsorption associated with a large transepithelial
chloride conductance that would reduce the change in VT to
small and perhaps not detectable values. The present studies do
not distinguish between these possibilities.
The present studies are not unique in their demonstration of
an apparent dissociation between changes in Na reabsorption
and VT. In vivo micropuncture studies of distal tubules have
observed increased Na transport after in vivo administration of
aldosterone [33—38]. These changes were not accompanied by
significant alterations of VT. In addition, more recent studies on
the neonatal pig colon have demonstrated that sodium absorp-
tion progresses from a non-electrogenic to an electrogenic mode
with prolonged exposure to increasing concentrations of circu-
lating aldosterone [39, 401.
The results of our studies are in disagreement with previous
studies by Gross and Kokko where in vitro exposure of CCT to
aldosterone produced a change in VT in less than 1 hr. The
reason for this discrepancy is not clear. The magnitude and time
course of VT is well known to vary from rabbit to rabbit and is
highly dependent on such factors as diet, fluid intake, and
perfusion pressure. Although in our studies there was a slightly
more negative value of VT after exposure to aldosterone, there
was, on the average, a tendency for VT to become more lumen
negative with time, whether or not tubules were exposed to
aldosterone. The important finding of the present studies was
the demonstration that sodium absorption increased in response
to aldosterone. In addition, the present studies differ also from
the more recent results of Allen and Barratt [41] who found an
acute effect of aldosterone on the VT of surface distal tubules of
rats. Whether microelectrode characteristics, diffusion poten-
tials, or electrode placement contribute to these differences will
require further study.
Finally, regarding the changes in K flux, we observed no
significant increase in K excretion in our clearance studies and
no aldosterone-induced increase in K secretion in our in vitro
studies. However, dexamethasone did increase K secretion in
the isolated perfused CCT. In view of the lower control values
for K flux during the dexamethasone experiments and the
relatively high concentration of dexamethasone used, we are
reluctant at present to ascribe physiologic significance to these
findings. While the aldosterone effect differs from that observed
after chronic in vivo exposure of the CCT to mineralocorticoid,
it is consistent with certain previous balance studies that
demonstrate no effect of aldosterone on potassium balance
when sodium intake was restricted [4, 42, 43].
In summary, we have examined the responses of transepithe-
hal voltage, net Na reabsorption, and net K secretion of the
CCT to acute exposure to aldosterone. Clearance studies in
adrenalectomized animals suggest that a latent period of 2 hr is
required before a significant change in urinary excretion of Na
is observed. At this time urinary potassium excretion is un-
changed. Extrapolating from the clearance study, we examined
the effect of in vitro addition of aldosterone to isolated perfused
CCT of adrenalectomized rabbits. No significant changes in
voltage or cation transport are observed in perfused tubules
until 2 hr after exposure to aldosterone and then the only
change is augmentation of Na absorption. That this effect is
specifically mineralocorticoid is confirmed by failure of
dexamethasone to change voltage or Na absorption in similar
tubules. These studies document an acute effect of in vitro
aldosterone on the CCT and suggest that significant differences
exist in this nephron segment's response to short- and long-term
exposure to mineralocorticoid.
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